Abstract
Introduction
brain tissue of neonicotinoid exposed and control Bombus terrestris workers in order to elucidate 62 the effects of the neonicotinoid imidacloprid on the gene expression and methylation status of 63 bumblebee workers.
64
Beekeeping, experimental design and brain dissection Methylation analysis 148 The overall sequence alignment rate was 67.21% ± 1.53% (mean ± standard deviation). The 149 proportion of methylated cytosine reads calculated by Bismark were 0.53% ± 0.05% for CpGs, 150 0.37% ± 0.05% for CHGs, 0.38% ± 0.07% for CHHs and 0.4% ± 0.06% for CNs or CHNs ((H = 151 A, C, or T). While insect methylation levels are often low (Glastad et al., 2017) these methylation 152 levels are lower even than in the honey bee, Apis mellifera, estimated at~1% at the genome level 153 using similar metrics (Feng et al., 2010; Bewick et al., 2017) . In a CpG context, across all samples, (Figure 1 B,C) , led to the conclusion that such levels were 161 indistinguishable from error and as such were excluded from subsequent analysis.
162
Methylation differences between control and neonicotinoid treated samples 163 In total 4,424,986 loci were analysed using the mixture of binomial model, which subsequently 164 identified 6,080 sites to test. No differentially methylated loci were identified using logistic 165 regression at a q-value of 0.05 or 0.1. MethylKit includes an option to pool replicates into single 166 control/treatment samples and use Fisher's exact test; using this approach we identified a small 
Expression analysis

172
Alignment rate to the genome was 93.6% (92.1 to 94.1) and after filtering a total of 10,772 genes 
Discussion
210
We found numerous genes which show differential expression between bees treated with field 211 realistic doses of the neonicotinoid imidacloprid and control bees. We found CpG methylation to be 212 focused in exons, and high CpG methylation was associated with highly expressed genes, but no 213 differentially methylated loci were detected between treatments. Non-differentially expressed genes 214 had higher methylation levels than differentially expressed genes. 
224
The preponderance of differentially expressed genes associated with synaptic transmission is 225 to be expected, given that we used brain tissue and given the known target effects of neonicotinoids.
226
The identification of a downregulated neurexin gene aligns with the results of Shi et al. (2017) . The 227 effects seen here on metabolic pathways has also been found in honeybees, with GO term enrichment 228 for catabolic carbohydrate and lipid metabolism (Christen et al., 2018) . These authors suggested No differentially methylated loci between control and treatment were identified using a logistic 240 regression model, and we suggest that if acute neonicotinoid exposure does alter methylation status 241 in B. terrestris it is subtle and the data reported here may be underpowered to detect it due to low 242 per-sample coverage. A small number of differentially methylated loci were identified by pooling 243 replicates and using Fisher's exact test (supplementary data: diff_meth_fisher), but unlike logistic 244 regression this approach cannot control for covariates and the results should be treated with caution.
245
Using this approach a CpG loci in CXXC-type zinc finger protein 1 was identified as hypermethylated 246 in neonicotinoid-treated bees; this gene also was upregulated in that group. In mammals, CXXC1 is 247 a transcriptional activator that binds to unmethylated CpGs to regulate gene expression (Shin Voo 248 et al., 2000) . Other loci identified by pooling were located within histone acetyltransferase p300 and 249 histone-lysine N-methyltransferase 2C. These findings raise the possibility that neonicotinoids may 250 have a more detectable effect on methylation and subsequent gene expression over a longer period 251 through a cascade of epigenetic processes. A study on the effects of imidacloprid on bumblebees 252 found no effect on mortality or reproduction over 11 weeks using 10 ppb when workers were not 253 required to forage for food, while 20 ppb affected mortality and foraging was impaired at both doses ant Camponotus floridanus (Glastad et al., 2015) .
260
We found patterns of CpG methylation to be in line with other insect species. It is mainly 261 focused in exons (Glastad et al., 2017) , and high CpG methylation was associated with highly 262 expressed genes (Figure 3) (Arsenault et al., 2018; Bonasio et al., 2012; Glastad et al., 2013; 263 Libbrecht et al., 2016; Patalano et al., 2015; Wang et al., 2013) , and non-differentially expressed 264 genes showed higher levels of methylation (Glastad et al., 2013 (Glastad et al., , 2016 Libbrecht et al., 2016; Sarda 265 et al., 2012) . Neonicotinoids appear to have no effect on overall levels of CpG methylation (see would be consistent with the idea that there is no significant methylation in these contexts.
277
Recently, it has become clear that epigenetics can play a role in the interplay between 278 man-made chemicals and natural ecosystems, and their constituent species (Vandegehuchte and (Glastad et al., 2011; Weiner and Toth, 2012; Welch and Lister, 2014; Yan et al., 2014) 
